The aim of this present is to design a new kind of compass which can be used during the absence of satellite signals. It is a development trend to enhance the reliability and environmental adaptability of navigation system to enable the vehicle-borne system to have the ability of navigation and orientation without satellite signals. So far, the geomagnetic/micro inertial measurement unit(MIMU) orientation method which has been commonly used in orientation mode is vulnerable to environmental interference and has weak reliabilities. Through the research of bionic navigation at home and abroad, it has been found that some insects such as desert ants, bees, etc. can find orientation by sensing atmospheric polarization information. In this paper, by using array polarization vision sensor to get the polarization information of the local zenith, the heading angle of polarization information can be calculated, and then by using Kalman filter, the heading angle of polarization information can be fused with the results of geomagnetic/MIMU, so as to achieve better optimal heading estimation. The environmental adaptability and effectiveness of the compass have been verified by theoretical analysis and vehicle experiments.
I. INTRODUCTION
Migratory birds and insects in nature can use their unique eye structure to perceive and utilize the polarization of light during migration or foraging [1] . Polarized vision of organisms can help them navigate, locate and identify targets [2] . The scattering of sunlight through atmospheric particles can produce a stable polarization mode, and the accurate description of this polarization mode is the basis of bionic polarized light navigation. [3] . In 1982, Brines obtained a rough distribution pattern of sky polarized light by using a point source polarized light meter [4] . In 2001, Professor Wehner constructed a standard atmospheric polarization model based on Rayleigh scattering law [5] . Subsequently, J. Gal et al. verified the effectiveness of the Rayleigh scattering model by measuring the sky polarization mode in the Arctic region [6] . In 2009, Yan Lei et al. established a theoretical and experimental The associate editor coordinating the review of this manuscript and approving it for publication was Lubin Chang . model for the distribution of sky polarized light, and carried out all-sky polarization measurements [7] .
In 2013, Zhao Kaichun et al. designed an automatic detection device for sky light polarization mode, which is used to obtain information of sky light polarization mode and construct the sky light polarization model [8] . At present, polarized light navigation at home and abroad mainly focuses on the use of single-point measurement sensor, which is vulnerable to environmental interference and has poor robustness. Based on the polarization vision sensor of four cameras used by Fan Chen et al., a new kind of array polarization light sensor which integrates four quadrant polarizers into one camera is used to improve the accuracy of the sensor and avoid the complex calibration process [9] .
The heading angle information extracted from polarized skylight model has the advantages of high accuracy and no error accumulated over time [10] . Its disadvantage is that it is vulnerable to meteorological environment, urban buildings, and some other factors [11] , [12] . The heading angle information extracted from geomagnetic information also has the advantages of high accuracy and no accumulated error over time [13] - [15] . The disadvantage of geomagnetic heading angle is that it is vulnerable to the interference of external magnetic field [16] . Micro inertial measurement unit(MIMU) has good dynamic performance and high accuracy in short time orientation [17] , but its errors will accumulate over time. Referring to the fact that pigeons can not only sense the position of the sun on sunny days, but also navigate in different environments by using the cells of the upper beak which can sense the magnetic field [2] , this present has developed a composite directional compass with high precision and strong robustness through the combination of heading angle from three information sources(polarized skylight/geomagnetic field/MIMU) [17] - [19] .
In this present, information of heading angle has been gathered by using array polarization vision sensor, geomagnetic sensor and MIMU [20] . System error differential equation has been set up [21] . State equations have been set up based on MIMU information. The observation equations [22] have been set up based on polarized skylight information and geomagnetic information. The optimal estimation algorithm of heading angle has been derived and the result of the experiments is better than 0.5 degree.
II. BIONIC POLARIZED LIGHT COMPASS
The distribution of polarized light after scattering of natural light in the atmosphere has a specific law. As shown in the figure 1, take the observer as the center and the zenith point is right above. The ci·rcle passing through the sun and the zenith point is called the solar meridian. The tangential direction and linewidth of each dotted line ring represent the vibration direction and degree of polarization of the maximum E vector of the point respectively. The same dotted line ring has the same scattering angle, and the degree of polarization is the same. As the scattering angle increases from 0 to 90, the degree of polarization increases, and the distribution of polarization in the sky is antisymmetric with respect to the meridian of the sun. 
A. PRINCIPLE OF SKY POLARIZED LIGHT ORIENTATION
According to the standard Rayleigh scattering model, the maximum E-vector vibration direction of polarized skylight distributes regularly, and the whole E-vector distribution is fixed relative to the sun. Specifically, the maximum E-vector vibration direction of polarized skylight at the observation point is perpendicular to the observation plane which is composed of the observer, observation point and the sun. According to this special geometric relationship, the polarization sensor can be used to measure the maximum E-vector vibration direction of the polarized light at the observation point, and the heading angle of the carrier can be extracted by a certain solution.
As shown in the figure 2, the relevant coordinate system is defined as follows according to the right-hand rule. Normally, the camera and the carrier are hinged together, so the carrier coordinate and the camera coordinate can be regarded as coincide.
In the carrier coordinate system (b system), the direction of coordinate axis is right-front-up;
O i − X i Y i Z i : In the coordinate system of incident light (i system), Z i axis points to the direction of incident light, X i axis is located in the vertical plane O b PP , and Y i axis can be obtained by right manipulation. For the sake of concise expression, Y i axis has been omitted in the figure 2.
O n − X n Y n Z n : Navigation coordinate system (n system), the center point O n coincides with O b , and the three axes point to geographic north, east and down respectively. In order to express concisely, Y n and Z n axes have been omitted. The angle between the X n axis and the X b axis is the heading angle that should be extracted.
According to the geometric relationship obtained from the standard Rayleigh scattering model, the basic principle model of bionic polarized light orientation can be expressed as follows:
Among the formula (1), a p denotes the unit vector of the maximum E vector vibration direction of the polarized skylight at the observation point, and the angle between it and the X i axis is the observed polarization angle, a l is the unit vector of the observation direction, which is determined by the deviation angle γ and azimuth angle α of the observation point, and a s is the unit vector of the solar direction, which is related to the observation time and geographical position. By inquiring the astronomical ephemeris, the solar altitude angle h s and the solar azimuth angle a s can be obtained. S denotes the coefficients of the two equal modes.
Polarization sensor could be used to measure polarization angle φ and other correlations. The heading angle of the carrier can be obtained by formula (1) . In the case that carrier is horizontal, the unit vector a l of the observation direction coincides with the Z b axis, and the X i axis coincides with the X b axis. In the X b O b Y b plane, the projection of the maximum E vector of polarized light is perpendicular to the projection of the solar direction vector a s , which can be obtained through the geometric relationship:
From the formulas (2) and (3), as long as the inertial sensor has been added, combined with the polarization angle measured by the polarized skylight sensor, the horizontal angle information of the carrier can be measured, and the orientation can be achieved. The influence of different horizontal attitude angles on the heading angle error has been studied in reference [23] , and the specific formulas about calculating the heading angle of the optical compass at different horizontal attitude angles have not been given. In this present, the measurement error of the horizontal attitude angle from the MIMU device is large. For the sake of convenient calculation, this paper set the horizontal attitude angle to 0 degree when calculating the heading angle of polarization information.
B. MEASUREMENT METHOD OF POLARIZED SKYLIGHT COMPASS
As shown in the figure 3, the array polarized compass sensor mainly consists of a wide-angle lens (F1.2, focal length 6 mm), a linear polarizer and a CCD camera. In the array polarized skylight sensor, every four pixels constitute a computing unit, which avoids using more sensors and simplifies the calibration process. The angle between polarization direction and reference direction of the polarizer is 0, 0.25π, 0.5π, 0.75π respectively. This installation method can get the most effective polarization information.
In a CCD camera, the light intensity of any pixel can be expressed as follows:
Among them, I j is the brightness value of the pixel, K j and α j represent the sensitivity coefficient of the camera and the installation angle of the polarizer respectively, which can be obtained by pre-calibration. I is the intensity of the incident light, d is the degree of polarization of the observation point, and φ is the polarization angle.
It is known from the formula (4) that I , d, φ are three unknown numbers, which means that at least three measurement units are needed for each set of solution units to obtain a unique solution. In the sensor used in this paper, there are four measurement units in each group of calculation units, which can improve the measurement accuracy and reliability of the sensor by using redundant information. Four measurement equations are obtained by expanding the formula: Change to matrix form:
Among the formula (6),
cos 2α 1 sin 2α 1 1 cos 2α 2 sin 2α 2 1 cos 2α 3 sin 2α 3 1 cos 2α 4 sin 2α 4 1
By using the least squares estimation, it can be obtained that:
Angle and degree of polarization can be calculated by the following formulas: 
Among the formula (8) and (9), q 1 , q 2 and q 3 are the vector elements of Q.
III. COMPOSITE DIRECTIONAL COMPASS A. DIRECTION ANGLE EXTRACTED FROM MIMU
As shown in the figure 4, the MIMU (STIM300) sensor has been used as the attitude information source of the system. When the system has been started, firstly, the zero bias information would be obtained and deducted from the data of the first 5 seconds when the carrier is stationary. Secondly, the initial attitude angle of the system would be obtained from the reference by transfer alignment. After that the attitude of the system would be updated by using the gyroscope data in MIMU. The heading angle, rolling angle and yaw angle of the system would be output by the single sample algorithm. The formula is as follows:
Since the latter term is related to the local longitude and latitude, and is small enough to be ignored, the formula can be simplified as follows:
Among them, θ k is the gyroscopic angle increment of three axes, which can be converted into attitude updating quaternion and multiplied with the attitude quaternion of the previous moment to achieve attitude updating. Constructing attitude updating quaternion r k as formula (12) and attitude updating as formula (13):
By converting the new quaternion to Euler angle, three attitude angles based on MIMU information could be obtained. 
B. DIRECTION ANGLE EXTRACTED FROM GEOMAGNETISM
As shown in the figure 5, the magnetometer (HMC5983) has been fixed on the carrier, and the magnetic field distribution around the carrier can be measured according to the formula (14) . 
The magnetic heading angle ϕ m can be obtained by using the property that the vector sum of the horizontal components Hx and Hz of the magnetic field is directed to the north of the magnetic field. The range of the value of the heading angle a is from -180 to 180 according to the formula (15) and (16) . ϕ = a tan(Hz/Hx)
Geomagnetic declination δϕ could be obtained by referring to the international geomagnetic model (the geomagnetic declination of Changsha is 2.233 degrees), and then geographic heading angle of carrier could be obtained by correcting the magnetic heading angle as the formula (17) .
In this paper, wavelet denoising has been used to preprocess the geomagnetic data. Referring to the reference [24] , the RLS algorithm has been used to do the on-line calibration and calculation of geomagnetic data. Combining with the horizontal attitude angle obtained by MIMU, the geomagnetic heading angle could be determined. However, the horizontal attitude angle error measured by MIMU is very large, the rolling angle and pitch angle would be approximated to 0 degree in the vehicle experiment in this paper.
C. INFORMATION FUSION ALGORITHMS BASED ON KALMAN FILTER
In this paper, the geomagnetic heading angle, MIMU heading angle and polarized skylight heading angle are fused by Kalman filter to obtain the optimal heading angle. The state equation has been established upon MIMU, and the observation quantities are the difference value of inertial heading angle between geomagnetic heading angle and inertial heading angle between polarized skylight heading angle, respectively.
The sampling frequency of the MIMU sensor is 200 Hz and the sampling frequency of the sky polarized light sensor and the geomagnetic sensor is 10 Hz, the ''prediction + correction'' mode has been used for information fusion. The prediction process is also called time update, and every step of filtering recursion needs to be done. The update process is also called measurement renewal. Measurement renewal needs to be calculated only when the measurement value is valid.
After the error differential equation has been expanded into the form of state space equation, the error of MIMU also should be modeled and estimated by Kalman filter together. The state equation of the loose combination Kalman filter 6-degrees system would be obtained as follows, (18) and (19), as shown at the bottom of the next page.
Since the information of accelerometer in MIMU has not been used, the small amount associated with accelerometers could be ignored and the F A would become as the formula (20) :
x means the attitude angle errors of roll, pitch and yaw and the G is the distribution of white noise of gyroscope in each error item of x.
The heading information fusion algorithm has two sets of observations: one is the difference value between geomagnetic heading angle and MIMU heading angle; the other is the difference value between polarized light heading angle and MIMU heading angle, which would be expressed as the formula (21) .
In the formula (22), H is:
In practical application, because the geomagnetic heading angle and polarized light heading angle is easily affected by environmental interference, there would appear a large fluctuation of errors in a short period of time. In order to make full use of the advantage of high-precision in a short period of time, the outliers of observation information should be abandoned by setting threshold. When the observation value is larger than the threshold value, the observation data should be abandoned and should be set the value to 0.
IV. IMPLEMENTATION DETAILS A. HARDWARE INTEGRATION
As the figure 4 shown, the system is mainly composed of TX2 embedded computer, carrier board, magnetic sensor (HMC5983), micro inertial measurement unit (STIM300), polarization light sensor, time synchronization board and so on. The software has been compiled under LINUX system and carries out unified data acquisition. It is shown in Figure 5 that the photos of On-board experiment.
B. PROCESS OF DATA ACQUISITION
The process of data acquisition is shown in the figure (7) .
V. EXPERIMENTS AND RESULTS

A. EXPERIMENTAL DESIGN
The experiment has been conducted on the afternoon of March 25, 2019, sunny, in the test area of National Intelligent Network United Automobile (Changsha) (longitude: 112.8, latitude: 28.1), as it has been shown in the figure (8) . The vehicle turns forward and backward two times to obtain the on-line calibration data of magnetic compass, and then proceeds along the road of the experimental site. The specific route is as followed in figure (9) . The experimental reference system chooses a highprecision optical fiber inertial navigation system. As shown in the figure (10) , the product is equipped with high-precision closed-loop fiber optic gyroscope at full temperature of 0.01 degree/h and 20ug high-precision quartz accelerometer. The inertial measurement has been combined with GNSS by using multi-sensor data fusion technology, which can achieve long-time and high-precision integrated navigation. Specific parameters are shown in Table 1 .
B. EXPERIMENTAL RESULT 1) ATTITUDE ANGLE SOLUTION OF MIMU
Generally, the original data of sensors should be filtered by Finite Impulse Response(FIR) filter [25] , but after the power spectrum is obtained by Fourier transform from the original data of gyroscopes and accelerometers in MIMU, as shown in the figure (11) , no obvious noise power spectrum is found, so it is not necessary to use special digital filter such as FIR filter.
Firstly, the reference data has been used for transfer alignment, and then the attitude updating would be accomplished by the incremental algorithm of Quaternion Differential equation. The rolling angle, elevation angle and heading anglė would be calculated, and compared with the three basic attitude angles as follows.
It can be seen from the figure (12) that the attitude angles calculated from MIMU data are basically in agreement with the reference heading angles, but the errors of pitch angle and rolling angle are very large. Therefore, in the case of using pitch angle and rolling angle, it is more appropriate to set the two angles at 0 degree.
2) CALIBRATION OF GEOMAGNETIC DATA AND SOLUTION OF HEADING ANGLE
As the measurement of geomagnetic data would be easily influenced by the environmental noises, the measured data might be affected [26] . Therefore, it is necessary to judge whether the measured data has been seriously affected on the premise of using more original data, and to process the noise accordingly. According to the method of references [16] , [24] , [27] , the improved median filter and wavelet denoising have been used for smoothing. The figure (13) and (14) show that the data has been smoothed and the noise points have been removed. The images before and after processing are shown as follows:
Ellipsoid calibration has been carried out by taking the geomagnetic data of forward and reverse cycles. The calibration results are shown in the figure (15) before and after calibration.
After calibrating the magnetic field data, the magnetic heading angle calculated is similar with the figure shown in the figure (11) .
3) HEADING ANGLE OF POLARIZED INFORMATION
Because of the range of the directional angle calculated from the polarized skylight data is [K , K + π ], it can be known that there is a fixed deviation K between the initial value and the true value of navigation system, and the ambiguity of a large value is π [23] . The fixed deviation can be eliminated by transfer alignment, and then the ambiguity of polarized light orientation can be solved by using data from MIMU in the system [28] . The ambiguity can be eliminated by the information provided by the MIMU. The output of inertial navigation solution is used as reference, and the polarization information heading angle is compared with the inertial solution heading angle. The farther one from the reference value should be removed as a outlier value, and the nearer one should be taken as observation value. Since the only horizontal attitude angle has been used to calculate the heading angle of polarized light in this paper, the result is also similar with the figure (12) .
From the figure (16) , it can be seen that the heading angle based on geomagnetic sensor has the excellent characteristic that the error does not accumulate over time, but the disadvantage is that the geomagnetic heading angle is susceptible to the disturbance of magnetic field environment and the output is not smooth enough. The heading error based on sky polarized light information also has the advantage of not accumulating with time, but the result is not smooth enough because of the influence of two error sources. One is that because of the grating and pixel points might not match perfectly in the process of pasting four-quadrant polarizer and CCD camera, which would lead to the measurement error of polarization mode, thus affecting the accuracy of heading estimation. The other is that because of the change of horizontal attitude angle, the zenith information is not absolute, and the zenith deflection angle exists, which would result in the course error of calculation. In addition, shelter of the buildings or the trees during the driving process would also lead to the failure of the collected information. The heading angle based on MIMU has the advantages of high stability and high accuracy in a short period of time, but it has the disadvantage that the error will accumulate over time. Kalman filter would complement advantages of each heading angle and get the optimal estimation.
4) HEADING ANGLE OF KALMAN FILTER
The heading angles obtained by the three methods could be combined by using Kalman filter [29] . In this paper, the heading angles calculated by inertial navigation system are taken as the standard by setting threshold. If the observed error values are larger than the threshold value, the observed values should be set to zero in filter. If the heading angles are smaller than the threshold value, the heading angles would be calibrated by the observed values. Solution begins after the calibration of geomagnetic data. After going through the Kalman filter, the heading angle image and the error image have been shown in the figure (16) .
As the figure (17) shows that after the information fusion, the heading angle error is obviously better than the heading angle calculated by the former three methods. The accuracy of the compass is better than 0.5 degree and the error does not accumulate with time. The specific parameters of heading angles obtained by different methods have been shown in the table 2.
VI. CONCLUSION AND EXPECTATION
In this paper, a combined orientation compass based on polarized skylight/geomagnetism/MIMU information has been developed. This compass has strong robustness and good environmental adaptability. After the three kinds of orientation information have been fused by Kalman filter algorithm, the orientation accuracy has been better than 0.5 degrees in vehicle experiments without satellite signals. In order to improve the accuracy of the system, the following aspects can be promoted in the future work:
(1) Studying on the Compensation Law of Horizontal Attitude Angle to Heading Angle during the Solution of Direction Angle of Polarized Light It can be inferred from the relationship between the experimental polarized light error and zenith deviation that there is a clear relationship between zenith deviation and error. In the next step, the corresponding formula can be deduced and added to the algorithm to compensate the error.
(2) Increasing Attitude Angle Accuracy by Adding Accelerator Information Of MIMU In this present, the attitude updating algorithm of MIMU can be optimized to improve the accuracy in the next step without using Stim300 table data to constrain the attitude of the carrier.
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